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Abstract
The positions of nucleosomes were studied to determine the relationship between
sequence and relative position to transcription start sites. Five sets of nucleosome data
were analyzed from yeast and human cell lines; the nucleosomes were categorized based
on the weak and strong dinucleotide frequency within the major and minor grooves of the
nucleosomal DNA. The relative positions and density of nucleosomes were determined
around transcription start sites and compared to gene expression data. The yeast data sets
consisted of different collection techniques and cell environments to confirm that the
nucleosome tendencies were not a factor of a particular data set. The yeast data was
compared to the human data set to find similarities and differences of the observed
tendencies. What follows is a comparison between the different data sets as a whole and
grouped by gene expressions.
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1.0 Introduction
Nucleosomes were hypothesized in 1974 by Roger Kornberg1. Until this time, the
accepted theory was that chromatin were linear strands of DNA coated with a fivehistone repeated formation. These formations packed into 100-Å fibers. This theory
determined that DNA is encased in the histone protein, resulting in non-specific
transcription repression. As technology evolved, this theory began to unravel.
Specifically through the use of X-ray diffraction, electron microscopy, and a particular
study by Hewish and Burgoyne2 in 1973 of chromatin incubated with nuclear
deoxyribonuclease, undermined the existing theory. Nucleosomes were first observed in
literature by Don and Ada Olins in 19743. They isolated interphase nuclei with linear
arrays of chromatin. The isolated chromatin had a diameter around 70Å. The Olins
described their discovery as resembling ‘beads on a string.’ At the time of publication,
their observations were not accepted by all within the scientific community. Kornberg
took the analysis a step forward and experimentally determined the subunits of the
nucleosome histone core. Kornberg developed his hypothesis with the use of his and
others’ data. Kornberg presented his hypothesis at the Ciba Foundation Symposium in
London, April 1974. Kornberg presented again at the Gordon Research Conference in
August 1974. By the time Kornberg gave this presentation, his hypothesis of
nucleosomes was accepted by most within the scientific community. The X-ray crystal
structure of the nucleosome complex would later be determined and published in 1997 by
Davey and Luger4. The crystal structures backed the structure that Kornberg
hypothesized and still hold to this day as a cornerstone of modern biology. Since their
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discovery, nucleosomes have been found to be essential in the packing of chromatin and
in the life cycle of eukaryotic DNA.

1.1

Nucleosomes

Nucleosomes are the main repeating protein-DNA complex of eukaryotic cells.
Nucleosomes are major players in the conversion of chromatin to chromosomes when the
cell transitions from interphase to mitosis. Nucleosomes consist of a segment of DNA
wound around an eight-histone protein core. DNA is wound in a left-handed direction
within the nucleosome, which compared to the right-handedness of DNA provides extra
stability to the structure. Nucleosomes are joined by short lengths of DNA bound by the
H1 histone. The histone core of eight proteins contains four pairs of each core histone.
The repeated histones are H2A, H2B, H3 and H45. These proteins are post-translationally
modified so the particular proteins of the histone can vary depending on the species, but
the difference is usually only several amino acids.

Figure 1.1: PDB 1EQZ Crystal Structure of the Nucleosome Core Particle
Figure 1.1 shows the crystal structure of the nucleosome core particle surrounded by
DNA obtained from PDB6 and displayed using Chimera7.
2

The nucleosome is the primary level of packaging for DNA. The nucleosomes condense
to form dinucleosomes, which condense further to achieve more compact and complex
structures of chromatin organization, ultimately forming the chromosomes. The
nucleosome plays a key role in DNA transcription. The binding of the histone octomer to
DNA is not random, but the factors that control the nucleosome positioning are complex.
It is difficult to predict the exact positions of the nucleosomes in a genome. The positions
of the nucleosomes can facilitate or hinder transcription-binding proteins. There are
variations of the histone proteins of the histone core8. An example of this is that the
histone protein H2A.Z. H2A.Z can replace H2A resulting in a different octamer
formation that controls different regulatory functions from the H2A protein9. Epigenetic
modifications of the nucleosome influence the chromatin structure10. The biological
significance of all histone modifications are not fully understood, although research has
shown that histone modifications, including acetylation and methylation of specific lysine
residues, are essential for the formation of chromatin domains.

1.2

Yeast

Yeast, Saccaromyces cerevisiae, has played a role in scientific discovery since the early
1900s. Yeast has been used to study cell biology and genetics. S. cerevisiae serves as a
model organism for all eukaryotes, including humans. Yeast grows and replicates rapidly,
and is a lot less dangerous to researchers than some prokaryote species used in genetic
studies. In 1996, yeast became the first eukaryote to have its complete genome
sequenced. The yeast genome consists of slightly fewer than 12.5 million base pairs and
contains 5,770 genes.

3

Gender does not occur in yeast; rather, the two mating-types of yeast are referred to as
“a” and “α”. Chromosome 3 contains a section referred to as cassettes. Each yeast
contains three cassettes, two silent and one active. The cassettes are arranged with
HMLα, a 747-bp gene, the most upstream. A second gene, the mating-type gene, MAT, is
located 250-bp downstream from the HMLα, and a third gene HMRa, containing 642bp,
is 150-bp downstream of the MAT gene. The MAT gene is either MATa or MATα,
which is determined by the transposons, HMLα and HMRa, which insert a self-copy into
the mating-type locus. Figure 1.2 gives a visual representation of the different cassettes
involved in the yeast mating-type determination. It is possible for a yeast to change
mating-type, between type a and type α, although there is a low frequency of this
occurring.

Figure 1.2: Silent and Active Cassettes of Yeast Mating-Types11
Yeast can live in either diploid or haploid states, although there is a preference for the
haploid state. Yeast can replicate in either state. A diploid yeast cell can replicate through
mitosis to produce diploid cells, or through meiosis resulting in haploid cells. A haploid
yeast cell can replicate through mitosis to produce haploid cells, or through shmooing,
where two haploid cells fuse to a single diploid cell. Mitosis in yeast occurs through
4

budding, through which the local cell wall of the cell thins, and a daughter cell is
produced from the mother cell. The daughter cell has identical genetic information to the
mother cell. The results of budding are an equal division of the nuclei between the mother
and daughter cells, but an unequal division of the cytoplasm with the daughter cell being
smaller than the mother cell. The mother cell also retains a bud scar where the daughter
cell left. The maximum number of budding scars that a mother cell can generally obtain
is about 2 dozen. This shows that the life of a yeast cell is limited and gives researchers
knowledge about the life of the yeast cell. Meiosis in yeast is referred to as sporulation.
The diploid yeast cell forms an outer layer called an ascus sac. Four haploid yeast cells
form within the ascus sac referred to as ascospores. The four ascospores make a tetrad.
The diploid yeast produces two sets of haploid cells. The ascospores in the ascus sac that
results from sporulation are evenly split with two “a” mating-type and two “α” matingtype. The replication of yeast is useful in research because two haploid cells can shmoo
and sporulation will result in four cells. When meiosis occurs, the genetic information is
segregated randomly and independently, so the results of crossing two yeast cells each
with a trait of interest are equal to obtaining copies of the original cells or to obtaining a
cross between the cells. This is referred to as parental di-type or non-parental di-type.
Yeast sporulation gives a lot of control to a researcher because all of the results are
observable soon after replication takes place. In more complex eukaryotes, like humans,
the results of gametogenesis and fertilization cannot be known until fertilization takes
place, and the result is a single offspring containing some combination of genetic
information from the parents.

5

1.3 Our Research Goals
The goals of our research are to study the sequences of nucleosomes Saccaromyces
cerevisiae and human lymphoblastoid cell lines. We seek to categorize the nucleotide
sequences within these structures, and to compare the locations of the nucleosomes with
the transcription start sites for genes of interest. The frequency of AT-containing and CGcontaining nucleotide sequences at the major and minor bending sites of each
nucleosome’s sequence will be used to categorize the nucleosome. Once the nucleosomes
have been categorized, their locations within the genome can be compared to
transcription start sites for genes of interest. These genes can be compared using the
transcription frequency data to observe the relationship between gene transcription
frequency to nucleosome sequence and relative position to gene transcription start sites. It
is our hope to learn more about the mechanism of higher order chromatin structures.

6

2.0 Theory
2.1

Weak and Strong Nucleotides

The nucleosome consists of DNA wrapped around a histone core. This wrapping requires
DNA to bend in ways that unwound DNA does not. The particular nucleotide sequence
directly affects DNA’s ability to be wrapped into nucleosomes. Adenine and thymine are
bonded with two hydrogen bonds while guanine and cytosine are bonded with three
hydrogen bonds. AT-containing fragments are often found at minor-groove bending sites,
while GC-containing fragments frequently occur at major-groove bending sites of a
nucleosome (see below). Analysis of the nucleotide sequence of the nucleosomes gives
information on patterns in the sequence. Specifically, dinucleotide occurrences are
analyzed and specific positions in the nucleosome sequence are found to have
significance to the overall structure of the nucleosome.

2.2

Nucleosome Major and Minor Positions

The bend of DNA in nucleosomes is directional; the positioning of dinucleotides is
repeated at about 10-bp apart throughout the nucleosome to obtain the correct formation.
Within the nucleosome there are sections that require more or less bend, referred to as
minor or major grooves. These grooves are the positions within the nucleosome that face
the histone core. The relative frequency of A/T dinucleotides (WW) increases at positions
where the minor groove faces the histone core. The relative frequency of C/G
dinucleotides (SS) increases at positions where the major groove faces the histone core12.
The increase in WW and SS frequencies also occurs when the opposite groove faces
away from the histone core. Figure 2.1 gives the positions for the major and minor

7

groove sites for a 147-bp nucleosome. The positions are symmetric relative to the center
of the nucleosome, the dyad, so these numbers represent half of the sites with the other
half being the same distance from the 147 end.
Minor	
  Groove	
  Sites	
  
5-‐8	
  
15-‐18	
  
26-‐29	
  
37-‐40	
  
47-‐50	
  
57-‐60	
  

Major	
  Groove	
  Sites	
  
10-‐14	
  
21-‐23	
  
32-‐34	
  
42-‐45	
  
52-‐55	
  
62-‐65	
  

Table 2.1: Nucleosome Major and Minor Sites13 	
  
The 5-8 sequence region is mirrored by a 143-140 region, as are the rest of the sites in the
list. The major and minor sites represent specific sites in the nucleosome that are
important for the bending of the DNA. The specific concentration of AT- and GCcontaining fragments at these positions directly affects the shape of the nucleosome. The
concentrations of WW and SS dinucleotides will serve as the categorizing mechanism for
our study. We will categorize the nucleosomes based on the dinucleotide frequencies in
these regions of the nucleosome.

2.3

Nucleosome Types

To analyze the nucleosomes for a given series we need to define a parameter for
comparison. We differentiate the nucleosomes into four types based on the concentrations
of the weak and strong nucleotides in the major and minor sites. Figure 2.2 gives the
parameters for the four types of nucleosomes. Type 1 nucleosomes are the canonical type
originally found14. We have derived our type definitions based on normal frequencies of
dinucleotides in the major and minor grooves of the nucleosome. The other three
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nucleosome types are based upon different WW/SS frequency in the nucleosome with
type 4 reversing both patterns found in the canonical type 1 nucleosomes. We refer to
type 4 as anti-pattern because of the relationship between type 1 and type 4 WW/SS
frequencies.
Nucleosome	
  Type	
  
Type	
  1	
  
Type	
  2	
  
Type	
  3	
  
Type	
  4	
  

WW	
  frequency	
  
minor	
  WW	
  >=	
  Major	
  WW	
  
minor	
  WW	
  >=	
  Major	
  WW	
  
minor	
  WW	
  <	
  Major	
  WW	
  
minor	
  WW	
  <	
  Major	
  WW	
  

SS	
  frequency	
  
minor	
  SS	
  <=	
  Major	
  SS	
  
minor	
  SS	
  >	
  Major	
  SS	
  
minor	
  SS	
  <=	
  Major	
  SS	
  
minor	
  SS	
  >	
  Major	
  SS

Table 2.2: Parameters of the Four Nucleosome Types
Each nucleosomal DNA sequence is analyzed twice, once forward and once for the
complementary sequence. Then we calculate the average of a given dinucleotide at each
position. The reason is that a nucleosome is dyad symmetric. Structurally, one half of
nucleosomal DNA should be identical to the other half. Thus, taking the averages of
dinucleotides on both strands will allow us to ‘symmetrize’ the frequencies of occurrence
of dinucleotides along nucleosomal DNA. For our analysis, we record a 187-nucleotide
sequence of DNA with the nucleosome in the center, the extra nucleotides added to the
sequence are added to the beginning and end of the sequence. The nucleosome type
classification only looks at the main 147-bp in the sequence, the extra 40-bp are not used
in this determination. A nucleosome of length 147 will have 40 extra nucleotides added
so the sequence will consist of 20 nucleotides before the nucleosome sequence, 147
nucleotides of the nucleosome, and 20 nucleotides after the nucleosome. The extra
nucleotides in the sequence ensure that the nucleosome is not too close to a telomere, any
sequence closer than 20-bp from either end of a chromosome is not used in our analysis.
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3.0 Data and Methods
3.1

Data Sets

3.1.1

Saccaromyces cerevisiae Genome “sacCer2”
The Saccaromyces cerevisiae genome was obtained from the UCSC Genome

Bioinformatics page.15

3.1.2

Clark Yeast Nucleosome Data Set
The data set was obtained the from the Clark et al. 2011 paper16. The data for each

nucleosome consists of chromosome number, starting position, and length (147-152-bp).
The sequences were obtained using MNase digestion.

3.1.3

Widom Yeast Nucleosome Data Sets UniqueMap and RedundantMap
The Widom nucleosome UniqueMap data set and RedundantMap data set were

obtained from the Widom et al. 2012 paper17, supplementary data table 2. The data set
consists of nucleosome dyad positions and chromosome. The sequences were obtained
using a chemical cutting method by a modified H4 protein was used to covalently bond a
sulphhydryl-reactive copper-chelating label.

3.1.4

Yeast TSS Data Set
The Yeast TSS Data set was obtained from the Mavich et al. 2008 paper18. The

data for each gene consists of its label, name, chromosome, start position, end position,
and DNA strand (+ or -).
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3.1.5

Yeast Gene Transcription Frequency Data
The yeast transcription frequency data was obtained from the Holstege et al. 1998

paper19. The data consisted of transcriptional frequency data in units of number of
polyadenylated transcripts for a given gene produced per minute for over 6000 ORFs in
yeast.

3.1.6

Yeast In Vitro Sequence and Nucleosome Data Set
The in vitro sequence and nucleosome data set were obtained from Clark et al20.

The data included the sequence for an in vitro data set for nucleosomes around a gene and
vector and the start positions of nucleosomes with 147-bp lengths.

3.1.7

Human Genome “HG18”
The human genome HG18 was obtained from the UCSC Genome Bioinformatics

genome browser page21.

3.1.8

Gaffney Human Nucleosome Combined Data Set
The Gaffney Human nucleosome data set mnase_mids_combined_147 from the

Gaffney et al. 2012 paper22 was obtained from the research groups website23. The data
consists of nucleosome positional data for seven lymphoblastoid cell lines obtained
through MNase digestion.

11

3.1.9

Human Gene Expression Level Data
The human gene expression level data was obtained from the Valouev et al. 2011

paper24. The gene expression data was obtained through RNA-seq and is given in reads
per kilobase per million (RPKM).

3.2

Software and Computational Resources
All algorithms for obtaining nucleosome sequences, determining nucleosome

type, and analysis of nucleosomes surrounding gene transcription start sites were
implemented in Java version 1.7. The programs were developed in the Eclipse Juno
Standard Development Kit version 4.2.2. All computational work was performed on RITs
Research Computer systems. Specifically, The Brodie LMC system which consists of 4
doual core AMD Opteron processors at 2.8 GHz with 130 GB of memory and the Tropos
cluster system consisting of nodes containing 32-64 cores with AMD Opteron 2.2 GHz or
AMD Interlagos 2.6 processors with 128-256 GB memory each.

3.3

Nucleosome Sequence Acquisition
Nucleosome positional data consisted of dyad positions or start position and

length. The data consisting of dyad positions were converted to start and length based on
a 147-bp sequence length. Sequences were obtained for each 147-bp length nucleosomes
with 20-bp before the start position and after the end position for a total length of 187-bp.
The complementary sequence was determined for each 187-bp nucleosome sequence that
was used in determining the nucleosome type.

12

3.4

Determining Nucleosome Type
Each nucleosome and its complement were analyzed to count the dinucleotide

WW and SS occurrences in the major and minor groove sites, Table 2.2. The total
number of WW and SS dinucleotides were compared for both major and minor sites and
the nucleosome sequences were separated into the four files, one for each type, based on
these counts, Table 2.2. The dinucleotide occurrences at all positions in the 187-bp
sequences were counted for all sequences of a given nucleosome type along with the
complementary sequences to determine the average WW and SS frequencies along the
nucleosome sequences. The analysis of both original sequence and its complement
produced a frequency symmetric around the dyad.

3.5

Nucleosome Occupancy Surrounding Gene Transcription Start Sites
The collection of nucleosomes was used to create a wig file of collective

nucleosome occurrences once the nucleosomes had been sorted into four types. The wig
file consists of a single line for each position in a chromosome. The number on the line
was a count of how many nucleosomes simultaneously occupied that position; the count
was made for each position in the 147-bp length of the nucleosome. One file was made
for each nucleosome type. These files were used to determine the number of nucleosomes
that simultaneously occurred from 1000-bp upstream of the gene transcription start site to
1000-bp downstream of the gene transcription start site. The genes were separated by
transcription frequency into groups and the average number of nucleosomes occurring at

13

each position from -1000 to +1000 around the gene TSS were calculated. The positional
counts were normalized by the ratio of nucleosome-bp to total-bp in the genome.

n = (number of nucleosomes * 147)/(total number of bp in genome)
normalized nucleosome occurrence = average nucleosome occurrence / n

3.6

Nucleosomes Adjacent to Gene Transcription Start Sites
The six adjacent nucleosomes around each gene’s transcription start site,

upstream and downstream, were determined using the nucleosomes that had been sorted
by type. The distance between the nucleosome start position and the gene transcription
start site was recorded as well as the nucleosome type. This was performed for all twelve
neighboring nucleosomes, six upstream (nsms-) and six downstream (nsms+). The
nucleosome end point, 147-bp from the start site, was used for genes on the – strand as
well as switching the nsms+ and nsms- because nucleosome positions were based on the
+ strand, so upstream on the – strand is downstream for the + strand. The genes were
separated into groups based on their transcription frequency. The collective counts of
each type of nucleosome for each of the 12 neighboring nucleosomes was determined for
all genes.

3.7

Inter-Nucleosome Distance Auto-Correlation Function
An inter-nucleosome distance auto-correlation function (DAC) gives a count of

the distance between nucleosome start positions in a given range. The function was
derived from [Cui et al. 2012]. First, the number of nucleosome start positions is counted
at each position within a specified range; multiple occurrences of nucleosomes at a
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position are counted for each occurrence. Next, we iterate through the positions within
the specified range and sum the products of nucleosome counts between positions n-bp
apart.
i =Xb-n

Pxa,xb(n) = Σ (Xi)*(Xi+n)
i=Xa

For example, if a specific nucleosome occurs 5 times and another nucleosome 5-bp away
occurs 10 times, we add to P(5) their product, 5*10. This process is repeated for all
values of nε{1,X2-X1} and the results are presented as P(n) vs. n.
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4.0 Results
Data analysis consists of two parts. The first part is the analysis of the
nucleosomes themselves. This analysis includes determining the AT- and GC-containing
nucleotide occurrences for each position within the nucleosomes, determinations of
nucleosome types, and collective occurrences of the nucleosomes throughout the genome.
The second part of the analysis is the comparison of the nucleosome data to the
transcription start sites and transcription frequency data for genes of interest. The first
comparison is the average nucleosome occurrence for the positions around the TSS and
the second is the comparison of distances from the TSS to the first six nucleosomes
before and after the TSS. The data presented below is separated by nucleosome series
starting with in vivo yeast data in sections 4.1 – 4.3 followed by in vitro yeast data in
section 4.4 and finally in vivo human data in section 4.5.

4.1

Clark Yeast Nucleosome Data Series
The first series we examined was the Clark yeast nucleosome series. The

nucleosome sequences in the series ranged from 147-152-bp, we selected the 147-bp
sequences for analysis. Figure 4.1 shows the WW and SS frequency distribution for the
nucleosomes in the series separated by nucleosome type. The series distribution
represents, for all nucleosomes within the genome separated by type, the average WW or
SS occurrence at each position of the nucleosome for a collection of 187-bp around the
nucleosome dyad. Each nucleosome is analyzed twice, once for the forward DNA strand
and once for the reverse strand.
The average WW and SS occurrence is determined for all 187 positions in the
nucleosomes as shown in Figure 4.1. The nucleosome type distribution is given in Table
16

4.1. Half of the sequence is plotted because the sequence is symmetric around the dyad of
the nucleosome. The results show the proper distribution of both weak and strong
nucleotide frequency compared to the major and minor sites.
Table 4.1: Clark Series Nucleosome Type Distribution
Nucleosome Type
Frequency (%)
Nucleosome Count

Type 1
54.45%
426585

Type 2
22.59%
176982

Type 3
7.53%
58994

Type 4
15.43%
120894

Figure 4.1: Clark Nucleosome Series Nucleotide Frequency
(top line – WW frequency; bottom line – SS frequency)

Figure 4.2: Frequency Distribution of [C+G] Concentration within Clark Series
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Another way of analyzing the nucleosomes in the series is to separate the nucleosomes
based on the frequency of single nucleotide composition. Figure 4.2 shows the frequency
of C and G nucleotide concentration within the nucleosomes separated in 10%
increments. The C and G nucleotide distribution for the Clark series is evenly among the
four types. There is some variation between the types, but they are all relatively similar to
each other. Figure 4.2 compared the C and G makeups of the nucleosome’s types
independently without regard to the number of nucleosomes of each type with the given

Figure 4.3: Clark Series Nucleosome Type Distribution for [C+G] Frequency Levels
nucleotide frequency. Figure 4.3 compares the abundance of nucleotides for each type at
the given nucleotide frequency. Figure 4.3 is a good representation of the relative
amounts of each type of nucleosome. Type 1 is the most abundant followed by type 2,
type 4, and type 3 respectively. This result is consistent with the theory that the sequence
composition is significant to the shape of the nucleosome. The nucleosome shape and
bending requirements were made possible by the sequences of WW and SS dicucleotides.
Having classified the nucleosomes in the series, the next step was to compare the
nucleosomes to genes of interest in the yeast genome. The analysis specifically compared
the nucleosome positions to the transcription start sites of the genes of interest. The
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collective nucleosome occurrence for each position in the yeast genome was determined
and compared to the TSS data. Figure 4.4 shows the results for this comparison. The
nucleosome occurrence for all positions from 1000-bp before the gene TSS to 1000-bp
after were collected for all genes and the average nucleosome occurrence was determined
for the range of positions.

Figure 4.4: Average Clark Series Nucleosome Occurrence for Yeast Gene TSS
The data shows that there is a consistent drop in nucleosome occurrences
upstream of the gene TSS for all types of nucleosomes. This drop is consistent with the
results of [Cui et al. 201225] that examined the occupancy of other nucleosome data sets.

Figure 4.5: Nucleosome Type Distribution for Clark Series Nsm+ and Nsm- Values
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Following the nucleosome occurrence analysis for the Clark series, we looked at
the neighboring nucleosomes adjacent to each gene TSS regardless of distance. The
results for the type of nucleosome for the 12 neighboring nucleosomes, 6 upstream and 6
downstream, of the Clark series are show in Figure 4.5. The results from Figure 4.5 show
some change in nucleosome type for the neighboring nucleosomes around the gene TSS.
We next split the genes by transcription frequency to observe changes in the nucleosome
occupancy around the gene TSS and the neighboring nucleosomes. We were specifically
interested in two nucleosome comparisons for the gene transcription frequency analysis.
The first comparison was between the canonical type 1 nucleosomes to the anti-pattern
type 4 nucleosomes. The second comparison was between the canonical type 1
nucleosomes to all other nucleosome patters, types 2-4. The yeast genes were separated
into five groups based on transcription frequency, Table 4.2.
Table 4.2: Yeast Gene Groups by Transcription Frequency
Yeast	
  Gene	
  Group	
  #	
  
1	
  
2	
  
3	
  
4	
  
5	
  

Frequency	
  Range	
  
0.1-‐0.8	
  
0.9-‐1.5	
  
1.6-‐2.9	
  
3.0-‐6.5	
  
6.6+	
  

Number	
  of	
  Genes	
  
856	
  
849	
  
898	
  
864	
  
894	
  

The nucleosome occupancy data was separated into the groups shown in Figures
4.1. The graphs of normalized nucleosome occupancy around the TSS for the genes in
each group are shown in Figures 4.6 and 4.7. The graphs show the occupancy for
nucleosome types 1 and 4 in Figure 4.6 and types X and Y in figure 4.7. Types X and Y
represent the canonical nucleosome (type 1) and non-canonical nucleosomes (types 2, 3,
4) respectively.
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Figure 4.7: Average Clark Series Nucleosome Occurrence for Type X and Type Y
Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency

Figure 4.7: Average Clark Series Nucleosome Occurrence for Type X and Type Y
Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency
Figures 4.6 and 4.7 demonstrate that the nucleosome occupancy decreases as the
gene transcription frequency increases for types 1, 4 and the collection type Y. The
difference between groups is most consistent for the type 4 nucleosomes, whereas the
difference between groups has a larger difference between group 5 and the other groups
which are clustered together for type 1/X and type Y. The neighboring nucleosome data
was split into gene groups, the results are shown in Figures 4.8, 4.9 and 4.10.
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Figure 4.8: Nucleosome Type Distribution for Clark Series for Type 1 Nucleosomes
Adjacent to Gene TSS

Figure 4.9: Nucleosome Type Distribution for Clark Series for Type 4 Nucleosomes
Adjacent to Gene TSS

Figure 4.10: Nucleosome Type Distribution for Clark Series for Type Y Nucleosomes
Adjacent to Gene TSS
The groups show no distinct pattern for any of the nucleosome types, χ2 analysis
verifies this with resulting p-values above 0.9 for all groups. The data is a collection of
nucleosome positions from several cell lines so it is reasonable that the individual
nucleosomes neighboring the gene transcription start sites would have less significance
than the overall occupancy of nucleosomes. The occupancy data gives an overview of the
nucleosomes surrounding each transcription start site. The final analysis of the Clark
22

series was to determine the distance between nucleosomes located around gene
transcription start sites. This was determined with auto-correlation analysis. Figure 4.11
gives the results for type 1, type 4, type Y and all nucleosomes located 1000-bp upstream
to 1000-bp downstream of the gene transcription start sites. The genes used in this
analysis were the bottom 5% and top 5% of genes according to the gene transcription
frequency.

Figure 4.11: Nucleosome Distance Auto-Correlation Function for Clark Series
Nucleosomes
The graphs shown in Figure 4.11 show that the amounts of neighboring
nucleosomes are lower for the lower transcription frequency genes in all nucleosome sets.
The major peaks correspond to nucleosomes having lengths of 147-bp with
approximately 20-bp of linker DNA separation. The next step in our analysis was to
determine if the results for the Clark series were a factor of how the nucleosome positions
were determined. The Clark data set was developed using MNase, so the next yeast
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nucleosome series we examined was needed to have been developed using a different
method.

4.2

Widom Yeast Nucleosome Data Series: RedundantMap and UniqueMap
The second series we examined were the Widom RedundantMap and UniqueMap

series. These series were developed using a chemical method rather than MNase. The H4
histone protein was modified with a cysteine at position 47 allowing a sulphhydrylreactive copper chelating label that cleaved the DNA backbone with single-bp resolution
of the dyad.

Figure 4.12: RedundantMap Nucleosome Series Nucleotide Frequency
(top line – WW frequency; bottom line – SS frequency)
The data is split into two sets, RedundantMap and UniqueMap. The UniqueMap set only
contains nucleosomes with less than 40-bp overlap while the RedundantMap set has no
overlap restriction. This set restriction limits the UniqueMap to just over 67 thousand
nucleosomes while the RedundantMap contains around 345 thousand nucleosomes. The
analysis of the Widom series followed the steps of the Clark series. First, we obtained the
WW and SS frequency data which is seen in Figures 4.12 and 4.13 for the
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RedundantMap and UniqueMap series respectively. Table 4.3 gives the nucleosome
distribution for both series.

Figure 4.13: UniqueMap Nucleosome Series Nucleotide Frequency
(top line – WW frequency; bottom line – SS frequency)
Table 4.3: UniqueMap and RedundantMap Series Nucleosome Type Distribution
Series	
  

UniqueMap	
  

RedundantMap	
  

Nucleosome Type

Type 1

Type 2

Type 3

Type 4

Type 1

Type 2

Type 3

Type 4

Frequency (%)

69.30%

20.98%

3.61%

6.11%

62.33%

23.19%

4.87%

9.61%

46808

14168

2440

4128

214837

79914

16792

33120

Nucleosome Count

The Widom series show an increase in canonical nucleosome sequence, but the general
trend is still observed. Figures 4.14 and 4.15 give the weak nucleotide frequency data for

Figure 4.14: Frequency Distribution of [C+G] Concentration within RedundantMap
Series
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the nucleosome types at each frequency level. The results are similar to those for the
Clark series. Type 1 nucleosomes make up a higher percentage of nucleosomes with
lower strong nucleotide content while the frequency of type 4 nucleosomes increases as
the strong nucleotide frequency increases.

Figure 4.15: Frequency Distribution of [C+G] Concentration within UniqueMap Series

Figure 4.16: RedundantMap Series Nucleosome Type Distribution for [C+G] Frequency
Levels
The next step in analyzing both Widom series was to compare the nucleosomes to the
entire genome and calculate the simultaneous occurrences of nucleosomes for each
position in the genome. After calculating the genome nucleosome occurrences, the
nucleosome occurrence around each gene’s TSS was determined. The average
nucleosome occurrence from 1000 nucleotides before to 1000 nucleotides after the TSS is
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shown in Figures 4.18 and 4.19. The resulting graphs shows the same drop in
nucleosomes just prior to the gene TSS that is seen in Figure 4.4 for the Clark series.

Figure 4.17: UniqueMap Series Nucleosome Type Distribution for [C+G] Frequency
Levels

Figure 4.18: Average RedundantMap Series Nucleosome Occurrence for Yeast Gene
TSS
There is an increase in the noise level, specifically for the UniqueMap set. The increase
in noise is due to the smaller number of nucleosomes. The type 3 and type 4nucleosome
groups have the lowest abundance when comparing the four types so the noise level is
greatest. The RedundantMap set has more than 5 times the nucleosomes than the
UniqueMap set. The Clark series contains the most with over 11 times the nucleosome
than the UniqueMap set. The UniqueMap set removes overlapping nucleosomes, while
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this increases noise level it also give information about individual nucleosomes
throughout the genome compared to the larger sets which have data for multiple cells
used in their respective experiments.

Figure 4.19: Average UniqueMap Series Nucleosome Occurrence for Yeast Gene TSS
Figures 4.20 and 4.21 show the adjacent nucleosomes for the collection of genes grouped
by nucleosome type. Both Widom sets have the same trend in nucleosome type
distribution seen in the Clark series. The type 1 nucleosomes make up around 60% of all
adjacent nucleosomes for both UniqueMap and RedundantMap sets which is slighly

Figure 4.20: Nucleosome Type Distribution for RedundantMap Series Nsm+ and NsmValues
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higher than the Clark series. This is the result of the Widom sets having more type 1
nucleosomes compared to the Clark series, the overall difference is only a few percent
between the sets.

Figure 4.21: Nucleosome Type Distribution for UniqueMap Series Nsm+ and NsmValues
The genes were split into 5 group based on transcription frequency as described in table
4.2. The nucleosome occupancy around the gene transcription start site data and adjacent
nucleosome data was split into five groups. The result of the data grouping is below for
both RedundantMap and UniqueMap sets. The nucleosome occupancy data is shown for
nucleosome types 1/4 and types X/Y in Figures 4.22 – 4.25.

Figure 4.22: Average RedundantMap Series Nucleosome Occurrence for Type 1 and
Type 4 Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency
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Figure 4.23: Average UniqueMap Series Nucleosome Occurrence for Type 1 and Type 4
Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency

Figure 4.24: Average RedundantMap Series Nucleosome Occurrence for Type X and
Type Y Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency

Figure 4.25: Average UniqueMap Series Nucleosome Occurrence for Type X and Type
Y Nucleosomes around Yeast Gene TSS Grouped By Transcription Frequency
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The occupancy graphs show similar decrease nucleosomes around the transcription start
sites at higher transcription frequencies seen in the Clark series. The UniqueMap data
contains significantly more noise, especially for the type 4 nucleosomes. This makes it
more difficult to get accurate measurements from the dat.

Figure 4.26: Nucleosome Type Distribution for RedundantMap Series for Type 1
Nucleosomes Adjacent to Gene TSS

Figure 4.27: Nucleosome Type Distribution for UniqueMap Series for Type 1
Nucleosomes Adjacent to Gene TSS

Figure 4.28: Nucleosome Type Distribution for RedundantMap Series for Type 4
Nucleosomes Adjacent to Gene TSS
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The adjacent nucleosome data is shown in Figures 4.26 – 4.31, each figure shows a
different nucleosome type: type 1, type 4 and type Y. The data is separated by each
adjacent nucleosome and shows the change in nucleosome type frequency between the
five gene groups. We performed χ2 analysis on the data to see if any change in
nucleosome type frequency was significant.

Figure 4.29: Nucleosome Type Distribution for UniqueMap Series for Type 4
Nucleosomes Adjacent to Gene TSS

Figure 4.30: Nucleosome Type Distribution for RedundantMap Series for Type Y
Nucleosomes Adjacent to Gene TSS

Figure 4.31: Nucleosome Type Distribution for UniqueMap Series for Type Y
Nucleosomes Adjacent to Gene TSS
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The results of the χ2 analysis for the RedundantSet show no significance in the
nucleosome type frequency for any of the types analyzed. All p-values were not
significant; the lowest was 0.59 for type 4 nsms+ nucleosomes. The remaining p-values
were all above 0.9. The results for the UniqueMap are similar with a p-value of 0.34 for
type 4 nsms-. Again, the remaining p-values are all above 0.9. The 0.34 p-value is lower
than the 0.59 p-value for the RedundantMap set but still not significant.
Finally, we calculated the auto-correlation results for the Widom sets. Figures 4.32 and
4.33 give the auto-correlation results for the RedundantMap and UniqueMap sets
respectively. The RedundantMap results complement the Clark series results from Figure
4.11 with peaks corresponding to the nucleosome lengths with about 20-bp of linker
DNA separation.

Figure 4.32: Nucleosome Distance Auto-Correlation Function for RedundantMap Series
Nucleosomes
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The UniqueMap set is much noisier than the other sets because of the smaller number of
nucleosomes. There is also a cutoff of the lower values of n because the set does not
contain nucleosomes that overlap by more than 40-bp. What these results do show us is
that with a smaller number of nucleosomes that do not overlap we still get the same
distances between nucleosomes.
Overall, the Widom series have results similar to the Clark series that shows the results
are not a factor of acquisition technique. The final analysis required to support the yeast

Figure 4.33: Nucleosome Distance Auto-Correlation Function for UniqueMap Series
Nucleosomes
nucleosome results was in vitro yeast nucleosome data. The analysis of in vitro data
would determine if the results were a factor of in vivo analysis. We would determine if
the placement of nucleosomes around gene transcription start sites to see if the data
supported the type distribution seen in the Clark and Widom data sets.
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4.3

Clark Yeast In Virtro Nucleosome Data Set
We had analyzed different data sets of yeast nucleosome positions. These data

sets were from yeast cells. Our next analysis was to examine in vitro nucleosomes for a
yeast gene within a vector. Our goal was to determine if the nucleosomes would be
arranged around the gene similar to the in vivo results we had determined. The results
determined are for the gene region alone and the entire vector region including the gene.
The results obtained show the WW/SS distribution of the 4 nucleosome types is similar to
the distribution for the Clark nucleosome series from section 4.1. This result tells us that
the distribution of the canonical and anti-pattern nucleosomes is conserved for both in
vitro and in vivo and not an artifact of the in vivo data.
Overall, we have shown that the nucleosome patterns found in yeast cells are neither a
factor of the technique used to determine the sequences nor a factor of the nature of the
cellular material (in vitro/in vivo). The final step in our analysis was to examine another
cell type. We looked to human nucleosomes to determine if the yeast was a good model
for the human data.

4.4

Gaffney Human Nucleosome Data Series

We selected a human nucleosome data set for lymphoblastoid cell lines. The cell lines are
from seven Yoruba individuals, the data was obtained using MNase digestion. The
sequences were aligned to the HG18 genome. We obtained the sequences based on the
sequence information from the data set. Figure 4.34 has the WW/SS frequencies for the
human nucleosome sequences and Table 4.4 has the percent distribution of the
nucleosomes.
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Figure 4.34: Gaffney Nucleosome Series Nucleotide Frequency
(top line – WW frequency; bottom line – SS frequency)
Table 4.4: Gaffney Series Nucleosome Type Distribution
Nucleosome Type
Frequency (%)
Nucleosome Count

Type	
  1	
  
Type	
  2	
  
Type	
  3	
  
Type	
  4	
  
40.88%	
  
21.71%	
  
12.60%	
  
24.80%	
  
1430131373	
   759450462	
   440719484	
   867643686	
  

The total counts of nucleosome shows an increase in types 2 and 4 compared to the yeast
data. Most likely this is due to the increased [C+G] concentration of the human genome
compared to yeast.

Figure 4.35: Frequency Distribution of [C+G] Concentration within Gaffney Series
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Figure 4.36: Gaffney Series Nucleosome Type Distribution for [C+G] Frequency Levels
Figures 4.35 and 4.36 show the type distribution for each [C+G] content amount and the
distribution of each individual nucleosome type. These figures agree with the previous
results in that they show a shift towards the increased [C+G] concentration of the human
genome. The crossover from a higher amount of type 1 to a higher amount of type 4
happens in the 60-70% [C+G] range rather than the 40-50% range seen in yeast. The
individual nucleosomes also have an increase in peak concentration to 40-50% [C+G]
from 30-40% in yeast.

Figure 4.37: Average Gaffney Series Nucleosome Occurrence for Human Gene TSS
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The comparison of nucleosome occupancy around gene transcription start sites is shown
in Figure 4.37. All nucleosome types are relatively close to the results obtained for yeast.
The graphs are much smoother because the total number of genes analyzed for the human
data was 21,000 compared to 4300 in yeast. The type 1 and type 3 normalized occurrence
levels are slightly lower than the type 2 and type 4 levels. The type 2 and type 4
nucleosomes correspond to a higher amount of strong dinucleotides in the minor groove
compared to the major groove. This could be the result of increased [C+G] concentration
overall compared to the yeast genome. The interesting aspect of this figure is that the
different nucleosome types have very similar curve shapes with a shift in the relative
position. In the yeast data, the curves differed in the magnitude of the valley directly
upstream of the transcription start site and the peak following, but there was some
overlap in the rise and fall of the valley/peak. We see a complete separation of lines for
the different nucleosome types. Overall, the general shape of the nucleosome occupancy
plot is conserved for the human data set.

Figure 4.38: Nucleosome Type Distribution for Gaffney Series Nsm+ and Nsm- Values
The adjacent nucleosomes to the transcription start sites showed a change in the human
data from the yeast data. Figure 4.38 gives the nucleosome type distribution for
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nucleosomes adjacent to the gene transcription start sites. The upstream nucleosomes
(nsms-1 to nsms-6) are fairly consistent for nucleosome type frequency and complement
the yeast data results. The nucleosomes within the region of the gene (nsms+1 to nsms+6)
show a distinct trend different from the yeast data. The type 4 nucleosome frequency
increases almost 10% from nsms-1 to nsms+1 while the type 1 nucleosomes decrease in
frequency. These patterns continue for the other downstream nucleosomes although the
magnitude of the frequency change from the upstream nucleosome frequencies is not as
high. The genes were grouped with expression data obtained from [Valouev et al.
2011]23. We created four groups of genes, Table 4.5, based on the expression levels.
Table 4.5: Human Gene Groups by Expression Level
Human	
  Gene	
  Group	
  #	
  
1	
  
2	
  
3	
  
4	
  

Frequency	
  Range	
  
0.001-‐0.1	
  
0.1-‐1.0	
  
1.0-‐8.0	
  
8+	
  

Number	
  of	
  Genes	
  
4893	
  
3451	
  
6277	
  
6381	
  

The nucleosome occupancy data and adjacent nucleosome data was split into the
appropriate gene groups similar to the grouping done with the yeast data. Figures 4.39
and 4.40 show the nucleosome occupancy data comparison between types 1 and 4 and

Figure 4.39: Average Gaffney Series Nucleosome Occurrence for Type 1 and Type 4
Nucleosomes around Human Gene TSS Grouped By Expression Level
between nucleosome types X and Y for the Gaffney data set. The data shows a similar
shift in baseline similar to Figure 4.37 between the two graphs for all groups. The
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difference between the individual groups shows an interesting trend. As the groups
increase in gene expression level, group 1 being the lowest expression and group 4 being
the highest expression level, we see an increase in the normal features surrounding the
transcription start site. The normal valley and peak are not pronounced for any of the low
expression level groups. In humans, the particular genes that are expressed in a cell are
dependent on the cell type. It makes sense that low expression genes would have a more
uniform nucleosome occupancy. Yeast does not have differentiated cell types so all genes
can potentially be expressed requiring a specific nucleosome pattern. This pattern is
observed in the more expressed genes in human, specifically groups 3 and 4.

Figure 4.40: Average Gaffney Series Nucleosome Occurrence for Type X and Type Y
Nucleosomes around Human Gene TSS Grouped By Expression Level
Figures 4.41 – 4.43 give the adjacent nucleosome data for nucleosome type 1, type 4 and
type Y. Each figure shows the data for a different nucleosome type and gives the change
in nucleosome type frequency between the four gene groups. The χ2 analysis results are
shown in Table 4.6. The p-values are not as straight forward for the human data as
compared to the yeast data. The type 1 nucleosomes within the gene region show
significance, which correlates to the drop in type 1 frequency seen in Figure 4.40. The
other nucleosome types are not significant, but the resulting p-values are much lower than
their yeast counterparts. Looking at the type 1 nucleosome frequency in Figure 4.41 we
can see that the nsms+1 frequency is consistently lower than in the other downstream
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Table 4.6: X2 Results for Gaffney Human Series Nucleosome Adjacent to Transcription
Start Sites Grouped by Gene Expression Levels
nsms	
  type	
  
type	
  1	
  nsms+	
  
type	
  1	
  nsms-‐	
  
type	
  4	
  nsms+	
  
type	
  4	
  nsms	
  -‐	
  
type	
  Y	
  nsms+	
  
type	
  Y	
  nsms-‐	
  

p-‐value	
  
0.008	
  
0.63	
  
0.42	
  
0.33	
  
0.46	
  
0.88	
  

Figure 4.41: Nucleosome Type Distribution for Gaffney Series for Type 1 Nucleosomes
Adjacent to Gene TSS

Figure 4.42: Nucleosome Type Distribution for Gaffney Series for Type 4 Nucleosomes
Adjacent to Gene TSS

Figure 4.43: Nucleosome Type Distribution for Gaffney Series for Type Y Nucleosomes
Adjacent to Gene TSS
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nucleosomes. This trend is also shown in nsms+2, although there is not as extreme a
difference from the nucleosomes more downstream. The remaining nucleosomes
(nsms+3 – nsms+6) show a difference in frequency for group 1, but that difference is not
present for the remaining groups with higher expression levels. There seems to be a
distinction in nucleosome type frequency for the low expression level genes that is not
shown for the higher expression level genes. This agrees with the occupancy data where
we saw a more uniform occupancy of the nucleosomes with low expression levels
compared to the groups with genes having higher expression levels.
The final step in analyzing the Gaffney human data set was to determine the autocorrelation values for the different nucleosome types shown in Figure 4.44.

Figure 4.44: Nucleosome Distance Auto-Correlation Function for Gaffney Series
Nucleosomes
The results of the auto-correlation analysis show an interesting trend in the data. The four
graphs retain the basic trends from the yeast data. The bottom 5% of genes have a higher
number of nucleosomes surrounding their transcription start sites than the top 5% of
genes and the peaks in the data correspond to the nucleosome length separated by 20-bp
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of linker DNA. The difference between the data sets is that the human baseline starts
much higher than yeast’s baseline. This means that there is an overall increase in the
number of nucleosomes surrounding the gene’s transcription start site. The Gaffney series
contains almost 3.5 billion nucleosomes so the relative number of nucleosomes to the size
of the genome is larger than the yeast data. The Clark series from section 4.1 contained
fewer than 800,000 nucleosomes for a genome with 12 million nucleotides. The Gaffney
set contains a greater ratio of nucleosomes to genome size so the overall auto-correlation
distance function would have higher results. The important feature of Figure 4.44 is that
the graphs retain the peaks corresponding to the lengths of the nucleosomes and the linker
DNA separating them.
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5.0 Conclusion
Five series of nucleosomes from yeast and human cells have been analyzed with
reasonable results that statistically represent the collection of nucleosomes. The spread of
nucleosome types is consistent for each yeast data set and the nucleosome occurrence
results, as they relate to transcription sites, support previous work. We have shown that
the nucleosome distribution is consistent for different sequence acquisition techniques,
MNase and chemical cleavage, as well as for in vivo and in vitro data sets. We observed a
shift in nucleosome distribution when we compared the yeast results to a human
nucleosome data set that corresponds to the increase [C+G] concentration of the human
genome. The human data shows an increased distinction in the nucleosome occupancy
surrounding gene transcription start sites for genes of low and high expression level.
We have shown that nucleosome position within the genome and surrounding
gene transcription start sites is conserved for the different sets analyzed. The human data
showed some interesting trends for the occupancy of low expression level genes and for
the downstream nucleosome type frequency adjacent to the transcription start site.
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6.0 Future Work
The planned future work of this project is to expand our analysis of yeast genes
and interesting human nucleosome results. First, we want to analyze RNAseq data for
yeast genes. This will ensure our transcription frequency data for yeast genes is
comparable to the RNAseq data used to analyze the human genes. Other future work
involves investigating the distribution of nucleosome occupancy for human nucleosomes
surrounding the gene transcription start sites. Finally, we will investigate the shift in
neighboring nucleosomes within genes the human data exhibited compared to the yeast
data. Overall, we look to further examine the differences between the yeast and human
nucleosome results obtained in this study.
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